In arid regions of the U.S., high rates of water and N input are commonly used for cauliflower production.
flower is highly responsive to N fertilizer inputs and is 3 years. At equivalent N rates, excessive irrigation generally resulted in rarely negatively affected by excessive N applications lower yields and quality. Cauliflower accumulated up to 250 kg N (Stivers et al., 1993) . Cauliflower is an important vegetable crop grown on a combined 65 000 ha in California and Arizona. It is often heavily irrigated and fertilized to meet quality standards demanded by the fresh vegetable market. C auliflower production is highly dependent on Subsurface drip irrigation, when combined with regular inputs of irrigation water and N fertilizer to achieve monitoring of plant water and N status, offers what is optimum yields and quality in the southwestern U.S.
probably the ultimate in control of water and nutrient Pronounced water ϫ N interactions have been documanagement for crop production. However, the water mented for many crops, including asparagus (Asparagus and N-response characteristics of subsurface drip-irriofficinalis L.) (Roth and Gardner, 1989) , broccoli (Brasgated cauliflower have not previously been reported. sica oleracea L. var. italica Plenck) (Beverly et al., 1986;  Therefore, the objectives of this study were to deterGardner and Roth, 1989a), cabbage (Brassica oleracea mine: (i) an optimum range of soil water tension for L. var. capitata L.) (Gardner and Roth, 1989b) , caulisubsurface drip-irrigated cauliflower, (ii) the effects and flower (Gardner and Roth, 1990) , celery (Apium interactions of water and N fertilizer inputs on crop graveolens L.) (Feigin et al., 1982) , leaf lettuce (Lactuca yield and quality, and (iii) the seasonal patterns of N sativa L.) (Thompson and Doerge, 1996) , tomato (Lyuptake by high-yielding subsurface drip-irrigated caulicopersicon esculentum Mill.) (Bar-Yosef and Sagiv, flower. 1982a, 1982b) and watermelon (Citrullus lanatus [Thumb.] Matsu and Nakai) (Pier and Doerge, 1995) .
MATERIALS AND METHODS
T.L. Thompson, Dep. of Soil, Water, and Environmental Sci., Univ. Three field experiments using subsurface drip irrigation Table 3 . Samples were dried at 65ЊC in a forced-air oven tubing commenced after planting and uniform irrigation was for determination of dry matter accumulation. Dried plant continued on all plots until the stand was established (1-2 leaf samples were then ground to pass a 40-mesh sieve and total stage). Water amounts used for stand establishment were 217, N was determined by the micro-Kjeldahl method modified to 181, and 311 mm for 1993 -1994 , 1994 -1995 , and 1995 -1996 , recover NO Ϫ 3 (Bremner and Mulvaney, 1982 . At the end of respectively. After stand establishment, daily irrigations were each growing season, cauliflower heads were harvested from initiated by an automatic controller (Irritrol MC-6, Garden 3-m 2 sections within each plot when plants were at harvestable America, Carson City, NV) connected to electronic valves size. Heads were trimmed to "U.S. No.1" specifications for (UltraFlow 700 series, Hardie Irrigation, El Cajon, CA). Volcauliflower (USDA, 1968) and individually graded for diameumes of water applied by irrigation were monitored by dupliter, weight, riciness, discoloration, hollow stem, and green cate in-line, propeller-type flow meters.
stem. Harvest dates were 21 Jan. to 2 Feb. 1994, 25 Jan. to 2 Tensiometers were installed in all plots shortly after germiFeb. 1995, and 9 Feb. to 19 Feb. 1996 . Seasonal rainfall nation. Tensiometers were vertically inserted adjacent to the amounts for the three growing seasons were 87, 132, and 52 drip tubing midway between two plants, with the porous cups positioned at a depth of 0.3 m. Tensiometer placement was similar to that in earlier studies (e.g., Pier and Doerge, 1995; Table 2 . Nitrogen fertilizer applications made to 'Candid Charm' cauliflower during the 1993-1996 winter growing seasons. Thompson and Doerge, 1996) and was based on observations that the maximum density of cauliflower roots under subsur-
face drip irrigation is at a depth of 15 to 40 cm surrounding kg ha Ϫ1 the tubing (T. Thompson, unpublished data, 1996) . Soil water approximately 3-wk intervals (Table 2) . Phosphorus (120 kg P ha
Ϫ1
) was broadcast-applied as granular triple superphosphate † DAT ϭ days after transplanting (1993-1994 season); DAP ϭ days after planting (1994-1995 and 1995-1996 seasons).
before planting each season and incorporated into soil beds. mm, respectively; seasonal reference crop evapotranspiration amounts were 348, 371, and 434 mm, respectively. Seasonal crop N-uptake patterns were derived from the whole-plant sample data obtained during each season. Nitrogen uptake was calculated as the product of the crop biomass (dry wt.) and the N concentrations in plant material for each of the whole-plant sampling dates throughout the season. Smoothed cumulative N-uptake curves were constructed using cubic splines (Burden et al., 1981) . The cubic spline functions were then differentiated and plotted to define trends in daily N uptake (flux) (Crawford et al., 1982; Karlen et al., 1988) . By definition, the cubic spline function passes through each data point. Analysis of variance procedures was accomplished using the SAS statistical procedure PROC GLM. The response surfaces were derived using the SAS regression procedure PROC RSREG (SAS Inst., 1988) .
RESULTS AND DISCUSSION
The seasonal average soil water tensions were gener- flower transplanting necessitated more irrigation than normal (cauliflower is particularly sensitive to moisture stress soon after transplanting [Stivers et al., 1993] ). soil water tension differences than were curd weight To estimate an optimum range for soil water tension, and diameter. data for marketable yield, curd weight, and curd diame-
The optima for normalized marketable yield, curd ter were normalized for each season. Normalization was weight, and curd diameter for these three seasons each accomplished by expressing each plot response as a perfell within a soil water tension range of 10 to 12 kPa, centage relative to the highest average treatment realthough yield was apparently more sensitive to differsponse for that variable in that year. The 3 yr of normalences in soil water tension than were the quality parameized data were then fitted to response surfaces (Fig. 1) .
ters. Therefore, this range of values can be designated The predicted maximum response for each normalized as an approximate optimum soil water tension range for variable is indicated by the intersections of the arrows subsurface drip-irrigated cauliflower. Depending on the on Fig. 1 . All three measurements were responsive to year, maximum yields were observed at soil water tensions ranging from 4 to 17.5 kPa during this study (Table  N rate, but marketable yield was more responsive to Thompson and Doerge (1995a , 1995b , 1996 the first season. In comparison, Erie et al. (1981) reported a seasonal consumptive use of 470 mm by furrowlent yield and quality across a wide range of N ϫ water irrigated cauliflower grown in southern Arizona. Our treatments during all three seasons. results illustrate the more efficient water delivery that Marketable yields were highest during 1993-1994, is possible with subsurface drip irrigation. The allowable largely because the crop was harvested at a more mature depletion of soil water for furrow-or sprinkler irrigated stage than during the subsequent seasons. During 1993-cauliflower has been reported as 34 to 45% (Stivers 1994 maximum marketable yields were achieved at 17.5 et al., 1993). Our results suggest, however, that these kPa and 600 kg N ha Ϫ1 ; during 1994-1995 at 12.6 kPa numbers are not transferable to subsurface drip-irriand 300 kg N ha Ϫ1 ; and during 1995-1996 at 4.0 kPa gated cauliflower. Our optimum soil water tension range and 500 kg N ha
Ϫ1
. These N rates are higher than the (10-12 kPa) corresponds approximately to the normally rates currently recommended for cauliflower grown in accepted value for field capacity, and therefore would Arizona (Doerge et al., 1991) and are likely higher than represent 0% depletion of available soil water. Use of would be needed in a normal production situation, beallowable depletion thresholds would have resulted in cause in our experiments we exhaustively cropped the significant yield losses in our experiment.
soil each summer to minimize residual available N. Total and marketable yield, and curd weight and diWithin an irrigation treatment, the N rate needed to ameter, were generally more responsive to N applicaachieve maximum yield was usually highest in the high tions than to soil water tension within the range of these treatment, probably because of the effects of N loss by treatments (Table 4) . Cauliflower is highly responsive leaching and/or denitrification. Ryden and Lund (1980) to N, but application of excessive rates of N rarely negaobserved considerable denitrification losses from surtively affects quality (Stivers et al., 1993) . In addition face drip-irrigated vegetables. They hypothesized that to curd diameter and weight, we measured other quality the high water and N inputs commonly used for vegetaparameters including riciness, discoloration, hollow bles created conditions conducive to denitrification. stem, and green stem. Except for curd diameter and There were significant soil water tension ϫ N rate weight, quality parameters were generally not affected interactions for all yield parameters during 1994-1995, by N or irrigation treatments, except in the control plots.
and for marketable yield and curd weight during 1995-There was no marketable yield in the control plots.
1996 (Table 5) . For example, during 1994 For example, during -1995 were lower at the 500 kg N ha Ϫ1 rate than at the 300 kg Except at the lowest N rate, this variety showed excel- al., 1993). During the 3 yr of this study an average of *,** Significant at P Յ 0.05 and 0.01, respectively; NS, not significant.
29.4% of all aboveground plant N was contained in the harvested portion (data not shown). Stivers et al. (1993) reported that 26 to 34% of aboveground N was conha Ϫ1 rate in the low and medium irrigation treatments, tained in the harvested portion in previous research. perhaps because of an adverse effect of excessive N on Therefore, a high-yielding cauliflower crop may be exyields. However, in the high irrigation treatment the pected to return as much as 175 kg N ha Ϫ1 to the soil highest yields were achieved at 500 kg N ha Ϫ1 (Table  after harvest. 4). High marketable yields were often achieved in the Daily N uptake rates as high as 5 kg ha Ϫ1 d Ϫ1 were high irrigation treatment, but always at the highest N observed in this study (Fig. 2B ). This compares to 7 to rate.
8 kg ha Ϫ1 d Ϫ1 reported by Doerge et al. (1991) for sprinThe N uptake by plants in plots receiving the medium kler-irrigated cauliflower at 55 000 plants ha Ϫ1 , versus irrigation treatment and the 300 to 340 kg N ha Ϫ1 treat-30 000 plants ha Ϫ1 in this study. The N-flux curve for the 1993-1994 season shows a more rapid initiation of N uptake because the cauliflower was transplanted at the 5 to 6 leaf stage during this season. The curves for the 1994-1995 and 1995-1996 seasons were relatively similar, although there was a dip in N flux between 50 and 60 days after planting (DAP) during 1994 -1995 . Karlen et al. (1987 pointed out that such a pause in the flux curve can be caused by errors in data or to environmental influences. During this period, there were several days when heat unit accumulations averaged 5 DCD d Ϫ1 and temperatures ϽϪ3ЊC were experienced. These low temperatures probably slowed plant growth and N uptake, which is reflected in the N-flux curves. During all three seasons the maximum N-flux rate was 4.1 to 5.0 kg N ha Ϫ1 d Ϫ1 . The maximum N flux occurred at the 12-leaf to folding growth stages. During the 1994-1995 and 1995-1996 seasons this corresponded to ≈900 HUAP (heat units after planting).
This pattern of N uptake illustrates the management challenge posed by cauliflower production. An adequate supply of N is required all season. However, preplant or early-season applications of N are likely to be inefficiently used. The use of subsurface drip irrigation with fertigation guided by preplant soil testing and plant N tissue testing (Gardner and Roth, 1990; Doerge et al., 1991; Kubota et al., 1996) can help maximize N to match N supply to crop needs (Hochmuth et al., 1991; Feigin, A., J. Letey, and W.M. Jarrell. 1982 . Celery response to type, Tyler and Lorenz, 1991) . Hochmuth (1992) was approximately 10 to 12 kPa. However, during this Hochmuth, G., D. Maynard, C. Vavrina, and E. Hanlon. 1991. Plant 3-yr study yield losses were more common due to exces-
